Cell interactions involving Notch signaling are required for the demarcation of tissue boundaries in both invertebrate and vertebrate development. Members of the Fringe gene family encode b-1,3 N-acetyl-glucosaminyltransferases that function to re®ne the spatial localization of Notch-receptor signaling to tissue boundaries. In this paper we describe the isolation and characterization of the zebra®sh (Danio rerio) homologue of the lunatic fringe gene (lfng). Zebra®sh lfng is generally expressed in equivalent structures to those reported for the homologous chick and mouse genes. These sites include expression along the A-P axis of the neural tube, within the lateral plate mesoderm, in the presomitic mesoderm and the somites and in speci®c rhombomeres of the hindbrain; however, within these general expression domains species-speci®c differences in lfng expression exist. In mouse, Lfng is expressed in odd-numbered rhombomeres, whereas in zebra®sh, expression occurs in even-numbered rhombomeres. In contrast to reports in both mouse and chicken embryos showing a kinematic cyclical expression of Lfng mRNA in the presomitic paraxial mesoderm, we ®nd no evidence for a cyclic pattern of expression for the zebra®sh lfng gene; instead, the zebra®sh lfng is expressed in two static stripes within the presomitic mesoderm. Nevertheless, in zebra®sh mutants affecting the correct formation of segment boundaries in the hindbrain and somites, lfng expression is aberrant or lost. q
Results
A zebra®sh homologue of the lunatic fringe gene (lfng) was isolated using PCR ( Fig. 1 ). Maternal expression of lfng was not detected in the early zebra®sh embryo. At the 30% epiboly stage (4.7 h), low level expression was observed throughout the blastoderm. As epiboly continues, expression clears from the marginal region and localizes to the epiblast cells of the animal pole, except at the most dorsal margin, where a small domain of elevated expression localizes to the future embryonic shield ( Fig. 2A) . Double label in situ hybridization with lfng and goosecoid (Stachel et al., 1993; Schulte-Merker et al., 1994) showed that the two genes are co-expressed in the involuting hypoblast cells of the embryonic shield region (data not shown). As gastrulation proceeds, lfng is expressed in those hypoblast cells that migrate towards the animal pole, and, like goosecoid, expression of lfng is localized to the prechordal plate ( Fig.  2B ) (Stachel et al., 1993; Schulte-Merker et al., 1994) . In addition, lfng is expressed within a small group of marginal cells, known as the forerunner cells ( Fig. 2A) , that do not involute during gastrulation. The forerunner cells subsequently form an epithelium surrounding Kuppfer's vesicle, a structure speci®c to the teleost tailbud (Melby et al., 1996) . As shown in Fig. 2C , the lfng gene remains expressed at high levels in a small cluster of cells within the tailbud region at the three somite stage (11 h).
Beginning at 60% epiboly (6.5 h) and continuing to the end of epiboly (10 h), the initial homogeneous expression in the animal pole epiblast breaks up into patchy blocks on either side of the midline. These blocks of expression resolve into bilaterally positioned stripes that eventually meet in the midline during convergent-extension move- www.elsevier.com/locate/modo ments. Previous fate map data show that these regions of high lfng expression will give rise to future primary neurons of the mid-and hindbrain regions (Woo and Fraser, 1995) . By the three somite stage (11 h) zebra®sh lfng expression is localized to either side of the isthmus between mid-and hindbrain in the ventral half of the neural keel as well as to the telencephalon and diencephalon (Fig. 2C) .
At the three somite stage, lfng also starts to be expressed in the future spinal cord (Fig. 2C) ; this expression gradually increases in level and continues through the 24 h stage. In mouse and chick, the CNS expression domains of lfng are con®ned to three bilaterally symmetrical stripes at different dorso-ventral (DV) levels of the neural tube (Cohen et al., 1997; Johnston et al., 1997; Laufer et al., 1997) : a domain abutting the¯oor plate, a narrow intermediate domain, and a broader dorsal domain encompassing much of the alar plate. To more accurately localize expression of zebra®sh lfng within the CNS, we cut transverse sections through embryos previously processed for whole-mount in situ hybridization. In Fig. 2G , a section at the level of the spinal cord of a 16.5 h embryo reveals that lfng expression extends over the DV extent of the neural keel, falling into three bilateral stripes with the most ventral abutting the¯oor plate. This ventralmost stripe of expression corresponds to a region of the CNS shown to give rise to motoneuron populations, the middle region of expression is within an area of the CNS which forms interneurons, whereas the most dorsal stripe of expression corresponds to an area of sensory neuron (Rohon-Beard cells; Metcalfe et al., 1990 ) and interneuron formation (Bernhardt et al., 1990) .
We investigated zebra®sh lfng expression in the zebra®sh oating head (¯h) mutant, in which the notochord (axial mesoderm) is transfated to paraxial mesodermal (Halpern et al., 1995) . This mutant shows a severe depletion of thē oor plate, which is found only in occasional small`islands' along the anterior axis and is almost entirely absent from the posterior half of the embryo. In general, absence of the notochord and/or¯oor plate in chick and mouse leads to a dorsalization of the neural tube, such that expression domains of dorsal molecular markers extend into the ventral Fig. 1 . Alignment of vertebrate lunatic fringe proteins. To obtain fringe-related genes from zebra®sh we used a degenerate primer RT-PCR strategy. This resulted in the isolation of a single zebra®sh cDNA sequence class that was subsequently extended in both the 3 H and 5 H directions using RACE-PCR (Frohman, 1993) . The assembled cDNA encoded a conceptual open reading frame with a primary amino acid sequence that is most closely related to the lunatic fringe genes of the tetrapod vertebrates. The ®gure shows a comparison of the amino acid sequences of Lunatic Fringe homologues from zebra®sh, Xenopus, chick, mouse, and human. As noted previously for Drosophila fng and the tetrapod lunatic fringe sequences, the zebra®sh lunatic fringe conceptual open reading frame has hallmarks of a signal peptide indicative of transport through the secretory pathway, a pro-region with conserved pro-convertase processing sites (RXRR, indicated by an inverted triangle), a DXD motif found in glycosyltransferases (indicated above by ***) and a highly conserved mature protein (Johnston et al., 1997; Wu et al., 1996; Moloney et al., 2000) .
portion of the tube, and ventral markers are lost (reviewed by Placzek, 1995) . The DV organization of zebra®sh lfng expression within the neural tube was indistinguishable between normal embryos and those mutant for¯h (Fig. 2G, H) .
Within the hindbrain region, expression of zebra®sh lfng is observed in the even-numbered prospective rhombomeres. The expression of zebra®sh lfng is complementary to the previously described expression of the mouse Lfng gene in prospective odd-numbered rhombomeres (Johnston et al., 1997) . Time-lapse studies have revealed the timing and order of rhombomere (r) boundary formation in zebra®sh to be r3/4 and r4/5 at 11.7 h with the r6/7 boundary forming shortly after and the r5/6 boundary at the 12.5±13 h stage (Cooper and Kimmel, 1997) . Analysis from the tailbud stage and onwards revealed zebra®sh lfng expression domains in the hindbrain that are initially localized to presumptive r2 and r4, and then subsequently to r6 (Fig.  2C,E) . The r6 domain is present from approximately the 13 h stage, but remains at lower levels than the r2 and r4 domains (Fig. 2E) . The localization of lfng expression to presumptive even-numbered rhombomeres was con®rmed using double in situ hybridization analysis with the r3 1 r5 marker zebra®sh krox20 (Oxtoby and Jowett, 1993) at the 12 h stage (Fig. 3A ). There is also lower level expression in odd-numbered rhombomeres that increases at later stages (Fig. 3A±C) . The zebra®sh lfng gene is also expressed in cells lateral to the hindbrain at these stages. We compared this expression to that of the cranial neural crest marker dlx2 (Akimenko et al., 1994) (Fig. 3B ) and to anteriorly expressed hox genes (Prince et al., 1998a) , which mark broad streams of hindbrain-derived crest cells. We ®nd that expression of zebra®sh lfng in the lateral hindbrain region is con®ned to cell populations that Fig. 2 . Whole-mount in situ hybridization analysis of zebra®sh lfng expression. Single and two color in situ hybridization was performed as previously described (Prince et al., 1998a,b) . A 300 bp cDNA of the lfng gene encoding amino acids 239±347 was subcloned into pBluescript (Stratagene) and was used as a template to synthesize a digoxygenin-labeled riboprobe. Ten somite stage, 14 h. notch1a expression; note the overall similarity to the lfng expression pro®le, with the exception of notch1a expression in tailbud as compared to lfng at this stage. (G,H) Transverse sections (5 mm) at 16.5 h. Embryos were processed for in situ hybridization with the lfng probe, then dehydrated and embedded in araldite (Polysciences) for 17 h before sectioning at 5 mm intervals; sections were then mounted in additional araldite. (G) Section through the spinal cord of a wild-type embryo; expression is subdivided into three bilateral stripes. n, notochord. (H) Section through the spinal cord of a¯h mutant embryo; note that there are no obvious differences with the wild-type pattern. Asterisks denote the location of the transfated notochord cells.
do not overlap the crest markers. These cells may represent head mesenchymal populations.
We have analyzed the expression of lfng in the hindbrain of the zebra®sh valentino (val) mutant, which fails to establish rhombomere boundaries caudal to the r3/4 boundary (Moens et al., 1996 (Moens et al., , 1998 . In val 2/2 mutant embryos, the lfng r4 high level expression domain gradually spreads into the adjacent caudal territory in a manner very similar to the expression domain of the r4 marker hoxb1a and consistent with an inability to establish a compartment border (Fig.  3C,D) (Prince et al., 1998a) . In summary, juxtaposed domains of high level lfng expression and low level expression precede and demarcate the rhombomeric boundaries that occur between even and odd rhombomeres, and the loss of this juxtaposed lfng high level/low level expression in the val 2/2 mutant correlates with the loss of rhombomere boundaries.
In addition to expression within the prechordal plate mesoderm and CNS, lfng expression was seen in the lateral plate mesoderm, which contributes to blood precursor cell and pronephric lineages (Fig. 2C) . At the three somite stage (11 h), zebra®sh lfng expression was also seen within the newly formed somites and in two stripes within the presomitic mesoderm at somite-width intervals, corresponding to the primordia of the next two somites to form (Fig. 2C) . In the mature somites, expression of zebra®sh lfng is con®ned to the most anterior aspect of the segment, similar to the pattern displayed by the chick lfng gene (McGrew et al., 1998) . As shown in Fig. 2E , by the ten somite stage, expression of zebra®sh lfng starts to down-regulate in the most anterior somites but is maintained in the more posterior, newly formed somites.
In mouse and chick, the expression of Lfng mRNA oscillates in the presomitic paraxial mesoderm (McGrew et al., 1998; Forsberg et al., 1998; Aulela and Johnson, 1999) , similar to the cyclical pattern of expression ®rst described for the chick chairy1 mRNA (Palmeirim et al., 1997) . A requirement for mouse Lfng in segmentation of the paraxial mesoderm has recently been demonstrated by the analysis of the phenotype of Lfng loss of function alleles. In these Note that lfng expression in the hindbrain continues to be at elevated levels in even-numbered rhombomeres, and that the lunatic expression in the periphery does not co-localize with the dlx2 positive crest cells. o, location of otic vesicle. (C,D) Double in situ hybridization with lfng and krox20; anterior to left, 18 h (18 somite stage). Dorsal view of (C) wildtype and (D) val 2/2 mutant embryo. Note extension of r4-characteristic elevated expression levels of lfng into the region posterior to r4 in val 2/2 embryos. (E± G) Expression of lfng in the paraxial mesoderm of wild-type (E), fused somites (fss; F) and beamter (bea; G) at 15±16 h (12±14 somite stage); anterior to the left. In (E) the bracket outlines the ®rst complete somite and also serves as a scale bar and equals 50 mm. The arrowhead in (E) indicates the position of the ®rst formed somite boundary, and lfng is expressed in two stripes within the pre-segmental mesoderm caudal to the arrowhead. In (F) note the absence of lfng expression stripes in the paraxial mesoderm of fss mutant embryos, although expression remains in the central nervous system. In (G) note the diffuse expression of lfng as indicated by the arrowhead in the paraxial mesoderm of the bea mutant. mutants the proper spacing and segmental borders of somites are lost (Evrard et al., 1998; Zhang and Gridley, 1998) . In contrast, zebra®sh lfng is expressed in two stripes in the presomitic mesoderm that maintain a constant distance from the most recently formed somitic furrow, thus there is no evidence for the oscillation of zebra®sh lfng mRNA. Cycling of different components of Notch signaling, Lfng in mouse and chick, and DeltaC in zebra®sh, may achieve a necessary aspect of linking a`molecular clock' to somitogenesis (Holley et al., 2000; Jiang et al., 2000) .
Finally, we characterized the expression of zebra®sh lfng in the mesoderm of wild-type (Fig. 3E ) and mutant embryos (Fig. 3F,G , data not shown) that do not generate a correctly segmented array of somites (van Eeden et al., 1996; Holley et al., 2000) . In wild-type embryos (Fig. 3E) , lfng is expressed in two broad stripes in the presomitic mesoderm, and is maintained in the anterior half of each of the formed somites. Expression of lfng is not detected in embryos mutant for the fused somites gene ( fss), in which somitic furrows do not form in the paraxial mesoderm (Fig. 3F ). This is in contrast to the expression seen in the other fssclass mutants (beamter (bea), aei, deadly seven (des) and white tail (wit); Holley et al., 2000) , which form erratically spaced and oriented somitic furrows: lfng is expressed in broad domains in the paraxial mesoderm of each of these mutants, without segmental localization (Fig. 3G , data not shown). These data are consistent with a role for lfng in the restriction and/or maintenance of rostral and caudal identities within the forming somite.
Materials and methods

Degenerate PCR, RACE, sequencing
cDNA was reverse transcribed using the Gibco-BRL Superscript kit according to the manufacturer's instructions from 15 somite stage zebra®sh embryo RNA prepared as described (Chomczymski and Sacchi, 1987) . PCR was performed using PCR conditions of 948C for 2 min, 40 cycles of 508C for 1 min, and 728C for 10 min using the following two degenerate PCR primers: TFV25, TGG TTY TGY CAY GTN GAY GAY GA; TFV30, GT RTC NGG RTA NAR KAR RCA RTG.
Gel-isolated PCR fragments were used as templates for a second round of PCR with the primers TFV25 and a putative nested degenerate primer, TFV29: TC NAR RTG NSW RTG RAA.
The resulting PCR fragments were subcloned and the DNA sequence was determined. Conceptual translation of the putative zebra®sh fng-related cDNA revealed a 108 amino acid open reading frame with 69% amino acid similarity to Drosophila fringe amino acids 239±347. To isolate a full-length coding sequence, RACE-PCR was carried out using RNA isolated from a 24 h zebra®sh embryo as previously described (Frohman, 1993) . PCR reaction conditions were 948C for 2 min, 35 cycles of 948C for 1 min, 45± 508C for 2 min, 728C for 2.5 min, and 728C for 10 min. PCR products were cloned into the Promega pGEM-T cloning vector, or the EcoRV site of pBluescript SK(2) (Stratagene) according to the manufacturer's instructions.
In situ hybridization
One and two color in situ hybridizations were performed as previously described (Prince et al., 1998a) . The zebra®sh krox20 and notch1a riboprobes have been previously described (Oxtoby and Jowett, 1993; Bierkamp and Campos-Ortega, 1993) , and the valentino probe corresponds to 490 bp of the 3 H untranslated region (Moens et al., 1998) . Analysis of sections was performed as previously described (Prince et al., 1998b) .
